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Semiconductor lasers based on quantum confined structures such as quantum wires, quantum dashes ͑QDashes͒, and quantum dots are of great interest because of their attractive optoelectronic properties.
1-3 For instance, a small linewidth enhancement factor, 4 a low threshold current density, [5] [6] [7] [8] [9] and a wide tuning range 10 have been demonstrated for quantum dot lasers. However, the spectral and polarization dependence of the modal gain and the linewidth enhancement factor ͑␣͒ have not yet been reported. The wavelength dependence of ␣ and modal gain is relevant to the operation of tunable lasers and laser amplifiers. Knowledge of their polarization properties establishes the optimal orientation of quantum-confined structures in a laser cavity. In this letter, we report the spectral dependence of modal gain and the linewidth enhancement factor for two different orientations of the quantum-confined structures called QDashes with respect to a diode laser cavity.
The active media of the laser was composed of lowdimensional nanostructures in the form of short wires called QDashes. These wirelike nanostructures typically have length-to-width ratios of between 6:1 and 20:1. It was reported previously 1 that such lasers showed a dependence of the threshold current density on the laser cavity orientation. Here, we extend the study of these lasers by investigating the wavelength dependence of the modal gain and the linewidth enhancement factor at subthreshold current densities for dashes orientated parallel and perpendicular to the axis of the laser cavity.
The InAs QDashes were grown by molecular-beam epitaxy on an InP ͑001͒ substrate in a compressively strained AlGaInAs quantum well which had a thickness of 7.5 nm as described in Ref. 1. The QDash lasers had five layers of QDashes and the dashes had lengths up to 500 nm, widths up to 25 nm, and heights up to 5 nm. These dimensions were measured by atomic force microscope for uncapped dashes. It was determined that QDashes were elongated along the ͓11 0͔ direction.
Laser diodes ͑LDs͒ with dashes aligned along the axis of the laser cavity and with dashes oriented perpendicular to the cavity were investigated. The laser cavities had a 5 m oxide-confined ridge waveguide with a cavity length of 1.68 mm. Most of the optical power of these lasers was emitted in a single-transverse mode with transverse electric polarization. Lasers with dashes oriented along the cavity axis lased at ϭ1578 nm and had a threshold current density of I th ϭ607 A cm Ϫ2 . LDs with dashes perpendicular to the cavity lased at ϭ1600 nm and had a threshold current density of I th ϭ473 A cm Ϫ2 . The modal gain and the linewidth enhancement factor were determined from the below-threshold amplified spontaneous emission spectra using the Hakki-Paoli technique. 11, 4 The lasers were excited by current pulses with a duty cycle of 1% ͑pulse widthϭ200 ns͒ to avoid effects due to heating of the structure. A Fourier transform infrared spectrometer ͑FTIR͒ was used to measure the amplified spontaneous emission spectra. In contrast to previous work, 12 ,13 information about not only the gain but also the carrier induced refractive index change was extracted from the FTIR spectra.
The modal gain for both dash orientations is shown in Fig. 1 for a descriptive subset of the data. Two general observations may be made. The peak value of modal gain was 2.3Ϯ0.3 times larger for lasers with QDashes oriented perpendicular to the cavity axis than that for lasers with dashes along the cavity axis at all experimental current densities from 250 to 392 A cm Ϫ2 . The position of the peak modal gain for dashes perpendicular to the cavity axis was shifted by ϳ10 nm to a longer wavelength with respect to the peak position of modal gain for dashes parallel to the cavity axis. These results are described by the orientation dependence of the transition matrix element for the QDash active media. Modeling the QDash as a finite quantum wire, the polarization dependence of the transition matrix element is different for heavy hole ͑HH͒ and light hole ͑LH͒ states in quantum wire structures.
2, 14 Because of the compressive strain in the QDashes, the lowest-energy interband transitions are primarily conduction band-to-HH band, which have the largest a͒ Electronic mail: ukhanov@chtm.unm.edu APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 6 5 AUGUST 2002 transition strength when the electric field is parallel to the quantum wire axis. The shift in the peak modal gain suggests an increase in the relative contribution to the gain from the conduction band-LH band transitions when the orientation of the dashes is changed from perpendicular to parallel to the cavity axis, since conduction band-to-LH band transitions have the largest transition strength when the electric field is perpendicular to the quantum wire axis. A blueshift of the gain spectra was observed with increasing current density due to band filling. The relatively small numbers of the largest, lowest-energy dashes are occupied first with the smaller, more numerous dashes occupied as the current density increases. Gain saturation occurs primarily at longer wavelengths for both orientations. Note also that the gain spectra for both dash orientations cross at zeromodal gain for the same current densities as quasiequilibrium ensures that transitions at the same energy have the same occupation probabilities.
Taking the difference in gain for consecutive current values as an approximation to the differential gain, the ratio of the differential gain for dashes perpendicular and parallel to the cavity axis is presented in Fig. 2 . This ratio is approximately equal to the ratio of dipole transition matrix elements if the product of the density of states, difference in occupation probabilities, and transition matrix element varies more slowly with wavelength than the line shape function. It can be observed from Fig. 2 that the ratio of transition matrix elements continuously increases with wavelength from a value of ϳ1.5 at 1580 nm to 3.3 at 1620 nm. The ratio of the carrier induced refractive index change for dashes perpendicular and parallel to the cavity axis is shown in Fig. 2 . This ratio is almost constant with wavelength mainly because of the experimental fact that the carrier induced refractive index change is almost constant with wavelength for both dash orientations. This suggests that contributions from optical transitions outside the region studied here minimize index dispersion.
The variation in the orientation dependence of the differential gain with wavelength is consistent with a mixing of light hole states into the HH-conduction electron transitions with decreasing emission wavelength. 15 The data also show that this anisotropy decreases as the emission energy increases, again, which is consistent with the suggestion that LH transitions, which have the opposite polarization properties, are making increasing contributions to transitions at shorter wavelengths.
The wavelength dependence of the linewidth enhancement factor, ␣, for lasers with both dash orientations is presented in Fig. 3 . The spectrum of the linewidth enhancement factor has the quantum wirelike dependence first described in Ref. 3 , indicated by the presence of a minimum in ␣, the rapid increase for long wavelengths and an increase for short wavelengths ͑note the logarithmic scale͒. The linewidth enhancement factor is larger in lasers with dashes along the cavity axis than in lasers with dashes orthogonal to the cavity axis for the whole wavelength range from 1555 to 1640 nm. The smallest values of ␣ factor at lasing wavelength were found to be 3.6 and 4.5 for dashes perpendicular and parallel to the laser cavity, respectively. This anisotropy of linewidth enhancement factor is attributed to differences in energy dependence of transition matrix element with orientation in quantum dash medium.
The variation in the anisotropy of ␣ with wavelength follows directly from wavelength and orientation dependence of the differential index and differential gain ͑and, hence, the transition matrix element͒. From the inset of 3, it is noted that the ratio of ␣ for dashes perpendicular and parallel to the cavity axis decreases with wavelength from a value of 0.75 at 1580 nm to 0.25 at 1545 nm. This is the result of the increase of the differential gain ratio with wavelength and the relatively constant ratio of carrier induced refractive index change described herein.
In conclusion, the spectral dependence of the linewidth enhancement factor and the modal gain was investigated in a QDash laser for two different dash orientations. These QDashes show the same polarization properties anticipated for quantum wire lasers. It was experimentally determined that gain peak position depends on the orientation of the QDashes in the laser cavity and was about 10 nm shorter for QDashes parallel to the cavity than for QDashes perpendicular to the cavity. The polarization dependence of the linewidth enhancement factor was experimentally measured in such quantum wirelike lasers. The observed variation of optical anisotropy with wavelength was attributed to the addition of LH contributions into the primarily HH transitions in these quantum-confined nanostructures.
